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The monolithic integration of novel nanomaterials with mature and established 
technologies has considerably widened the scope and potential of nanophotonics. 
For example, the integration of single semiconductor quantum dots into photonic 
crystals [1] has enabled highly efficient single-photon sources. Recently, there has 
also been an increasing interest in using graphene [2] – a single atomic layer of 
carbon – for optoelectronic devices [3–15]. However, being an inherently weak 
optical absorber (only ≈2.3 % absorption), graphene has to be incorporated into a 
high-performance optical resonator or waveguide to increase the absorption and 
take full advantage of its unique optical properties. Here, we demonstrate that by 
monolithically integrating graphene with a Fabry-Pérot microcavity, the optical 
absorption is 26-fold enhanced, reaching values >60 %. We present a graphene-
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based microcavity photodetector with record responsivity of 21 mA/W. Our 
approach can be applied to a variety of other graphene devices, such as electro-
absorption modulators, variable optical attenuators, or light emitters, and provides 
a new route to graphene photonics with the potential for applications in 
communications, security, sensing and spectroscopy. 
 
In principle, the light-matter interaction in graphene is strong. The optical 
absorption coefficient of single-layer graphene [16] is − ln(1−πα) / d ≈ 7×105 cm-1, 
independent of wavelength (d = 0.335 nm is the thickness of graphene and α  is the fine 
structure constant). At the technologically important wavelengths of 850, 1300 and 1550 
nm, this value is between 1 and 3 orders of magnitude higher than that of conventionally 
used semiconductor materials such as In0.53Ga0.47As, GaAs or Ge [17]. Nevertheless, due 
to the short interaction length, a layer of graphene absorbs only πα  = 2.3 % of the 
incident light [16]. Whereas the weak optical absorption is beneficial to devices such as 
LCD screens [4, 5], solar cells [6–8], or organic light-emitting diodes [9], it is detrimental 
to active optoelectronic devices [10–15], where a strong light-matter interaction is 
desired. Therefore, strategies need to be developed to increase the interaction length of 
light with graphene and enhance the optical absorption. Recently, the integration of 
graphene with an optical waveguide allowed the increase of the interaction length 
through coupling between the evanescent waveguide mode and graphene, resulting in -3 
dB (50 %) absorption in a ≈30 µm long device [13]. However, highly efficient coupling 
of light into a single-mode optical waveguide is challenging and in many cases surface 
coupling is preferred.  
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The graphene microcavity devices demonstrated in this letter, benefit from the 
large increase of the optical field inside a resonant cavity, giving rise to increased 
absorption. The field enhancement occurs only at the design wavelength, whereas off-
resonance wavelengths are rejected by the cavity, making these devices promising for 
wavelength division multiplexing (WDM) systems [18]. Cavity enhanced devices have a 
long history in III-V optoelectronics [19–21]. However, monolithic integration of carbon 
nano-materials with optical cavities is challenging and reports are rare [22]. 
 
A graphene microcavity photodetector (GMPD) is shown schematically in Figure 
1(a). As nominal operating wavelength we have chosen λc = 850 nm, a wavelength that is 
often used in low-cost multi-mode fiber data links [23]. However, due to the broad 
absorption range of graphene [16, 24], this concept can be extended to any wavelength 
from the mid-infrared to the ultraviolet, provided that a low-loss optical cavity can be 
realized at the respective wavelength [25, 26]. In our device, two distributed Bragg 
mirrors, consisting of quarter-wavelength thick layers of alternating materials with 
varying refractive indices, form a high-finesse planar cavity. Bragg mirrors are ideal 
choices for microcavity optoelectronic devices because, unlike with metal mirrors, the 
reflectivity can be very well controlled and can reach values near unity. The Bragg 
mirrors are made of large band gap materials that are non-absorbing at the detection 
wavelength λc. The absorbing graphene layer is sandwiched between these mirrors. A 
Si3N4 buffer layer ensures that the maximum of the field amplitude occurs right at the 
position where the graphene sheet is placed. The bottom mirror is formed from multiple 
periods (25 pairs) of alternating AlAs and Al0.10Ga0.90As layers (GaAs would be 
4 
 
 
 
absorbing at 850 nm) with thicknesses of 70 nm and 61 nm, respectively. It is grown by 
molecular beam epitaxy (MBE) on a GaAs substrate. The refractive index contrast of 
AlAs and Al0.10Ga0.90As gives a mirror with reflectivity Rbottom > 99 % in a broad spectral 
range around 850 nm [see inset of Figure 1(c)]. The top mirror is made of 7 pairs of SiO2 
and Si3N4 layers with thicknesses of 147 nm and 113 nm, respectively. Its nominal 
reflectivity is 89 %. The graphene is electrically contacted by lithographically defined 
Ti/Au electrodes. Weak doping of the substrate and the bottom Bragg mirror allows 
electrostatic gating of the graphene channel and measurements of the electrical 
characteristics. The devices exhibit the typical V-shaped conductance versus gate bias 
with weak unintended doping (<10 V Dirac point shift) and negligible hysteresis (<2.5 
V). However, we observe a strong mobility reduction to typically a few hundred cm2/Vs, 
as compared to the ≈5000 cm2/Vs that are obtained in “conventional” graphene devices 
[10, 11]. Similar impact of the dielectric environment on the mobility was previously 
reported for high-frequency graphene transistors [27]. More information on device 
fabrication is presented in the Methods section. The detailed device structure is provided 
as Supplementary information. 
 
The device design was optimized using the transfer matrix method. In our 
simulation, graphene is described by a complex refractive index n(λ) = 3.0+ i C13 λ , 
where C1 = 5.446 µm−1 and λ is the wavelength [28]. The other materials are modeled as 
loss-less dielectric materials with refractive indices reported in the Supplementary 
Information. Figure 1(b) shows the electric field distribution in the device for normal 
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incidence light at the design wavelength of λc = 850 nm. The standing wave pattern arises 
from interference of the counter-propagating incident and reflected waves. The arrow 
indicates the spatial position of the graphene. It is obvious that the origin of the 
absorption enhancement is the ≈6.5-fold increased electric field amplitude inside the 
cavity, which causes more energy to be absorbed. An equivalent interpretation is that the 
photons bounce between the bottom and top mirrors and thus passes multiple times 
through the graphene sheet as illustrated in Figure 1(a). We calculate the wavelength-
dependent absorption A(λ)  according to A(λ) =1− R(λ)−T (λ) , where R(λ)  is the 
(intensity) reflection and T (λ)  denotes the transmission. The model allows us to 
optimize the reflectivity Rtop of the top mirror. As shown in Figure 1(c), the absorption 
increases with increasing reflectivity, reaches a maximum of 98 % for 7 SiO2/Si3N4 layer 
pairs (corresponding reflectivity Rtop = 89 %) and drops to zero as Rtop approaches 100 %. 
This behavior can also be understood intuitively. For small Rtop, the cavity is too lossy 
and the field enhancement is small. For Rtop = 100 %, on the other hand, all the light is 
reflected on the surface and cannot enter into the cavity. For bi-layer graphene we find an 
optimum of 6 instead of 7 SiO2/Si3N4 layer pairs.  
 
The performance of GMPDs depends critically on the optical quality of the mirror 
and buffer layer materials, which must be non-absorbing at the detection wavelength λc. 
We have therefore measured the wavelength dependent optical reflection of a millimeter-
sized spot on the sample. The corresponding spectrum (shown in Figure 2) is a typical 
reflectivity spectrum of a Bragg mirror stack, but exhibits an extra dip at λ = 850 nm in 
the stop band. The dip originates from absorption of the Fabry-Pérot cavity mode. Its 
6 
 
 
 
depth is less than 6 % and supposedly stems mainly from absorption in the (multi-layer) 
graphene flakes that are randomly distributed over the sample (a few % surface 
coverage). The weak absorption is an evidence of the high optoelectronic material 
quality. 
 
Let us now turn to the photocurrent measurements. Figure 3(b) shows a 
microscope image of a single-layer GMPD together with the measurement circuit. The 
graphene channels of our devices are typically 5 µm long and several microns wide. A 
bias voltage VBias = 2 V is applied to one of the leads. The other lead is connected to a 
transimpedance low-noise pre-amp whose output signal is fed into a lock-in amplifier. 
The gate electrode (substrate) remains unbiased. The output of a tunable continuous-wave 
Ti:sapphire laser is set to 850 nm wavelength and is focused with an objective lens to a 
≈2 µm diameter spot on the sample. The optical power was kept low enough (P = 50 µW) 
to avoid heating of the sample and reduce the influence of thermo-electric effects [29–
31]. A photocurrent map [shown in Figure 3(a)] is recorded by scanning the laser beam 
across the sample. The incident light is modulated at 400 Hz using a mechanical chopper. 
This technique has previously been used to study the potential profiles in graphene 
transistors, where photocurrents of opposite sign at the metal/graphene interfaces were 
observed [32–35]. Due to the different biasing condition, the band bending [see Figure 
3(a)] in our experiment is determined by the externally applied voltage, rather than by the 
metal/graphene contacts. We therefore observe only a single photocurrent peak 
approximately in the center of the device, whose polarity is determined by the sign of VB. 
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Although this biasing condition does not allow zero dark current operation, it reduces the 
influence of the metal electrodes on the shape of the photocurrent spectrum.  
 
In Figure 3(c) we present the spectral response of the device. The dashed lines are 
results of the transfer matrix calculation; the solid lines are measurement results. The 
reflectivity spectrum is measured by focusing the Ti:sapphire laser output to a small spot 
in the center of the graphene sheet and by tuning the laser wavelength between 830 and 
900 nm. The result is shown in Figure 3(c) as solid red line. At the cavity resonance (855 
nm), more than 60 % of the light is absorbed in the graphene – a 26-fold absorption 
enhancement as compared to the 2.3 % absorption of free-standing graphene [16]. The 
slight deviation from design wavelength (λc = 850 nm) is caused by small non-
uniformities (≈0.6 %) in optical layer thicknesses of the buffer and top mirror layers. We 
accounted for this deviation in our simulation. At λ = 888 nm another reflection dip is 
observed, which is, however, not related to absorption in the graphene but stems from 
larger transmission outside the stop band of the Bragg mirror stack (see green line). The 
measurement data are well reproduced by the simulation (dashed red line) if we consider 
spectral broadening due to the finite numerical aperture (NA = 0.28) of the objective lens 
by numerically averaging over all incidence angles between 0 and ϑmax =Arcsin(NA) ≈ 
16°. The solid blue line in Figure 3(c) shows the spectral photocurrent response of the 
device. It peaks at λ = 855 nm wavelength and exhibits a spectral width of Δλ = 9 nm 
(full width at half maximum – FWHM). Its shape follows closely the calculated 
absorption (dashed blue line), demonstrating that the absorbed light is efficiently 
converted into photocurrent. From the quality factor of the cavity, Q = λ /Δλ = 95 , we 
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obtain a photon lifetime of τ =Qλ / (2πc)  = 43 fs, only. The microcavity does hence not 
affect the potentially high bandwidth [11] of graphene photodetectors. The inset shows 
the calculation results for NA = 0 (ϑmax = 0°), i.e. normal incidence light. In this case, the 
absorption would be as large as 98 %. 
 
In Figure 4 we show the results obtained from a bi-layer graphene device. The 
meaning of the curves is the same as in Figure 3(c). Again, we observe a strong 
photoresponse at the cavity resonance (864.5 nm, in this case). A peak photocurrent of I = 
1.05 µA is obtained at P = 50 µW excitation power, which translates into a 
photoresponsivity of S = I/P = 21 mA/W. To our knowledge, this is the highest value 
ever reported for a graphene photodetector. Also shown in Figure 4 (solid red line) is the 
response of a “conventional” bi-layer graphene photodetector, i.e. a device without 
cavity. It consists of bi-layer graphene on a Si wafer with 300 nm thick SiO2 and Ti/Au 
electrodes. For a fair comparison, the geometrical dimensions (particularly the channel 
length) of the device are similar to those of our GMPD devices and also the biasing 
conditions are the same. The response of the conventional device is approximately 
independent of wavelength, but more than an order of magnitude weaker than that of the 
microcavity enhanced device. 
 
In conclusion, we have demonstrated that the responsivity of a graphene 
photodetector can be increased, by integrating the graphene sheet in a high-finesse planar 
optical cavity. A record responsivity of S = 21 mA/W is achieved. The devices show a 
photoresponse only at the design wavelength, making them promising for wavelength 
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division multiplexing. The concept of enhancing the light-matter interaction in graphene 
by use of an optical microcavity is not limited to photodetectors alone. It can be applied 
to a variety of other devices such as electro-absorption modulators, variable optical 
attenuators, and possibly future light emitters. Our demonstration also shows that 
graphene can be monolithically integrated with other, more established materials and 
technologies to form novel, highly complex devices. 
 
Methods 
Sample fabrication began with an n-doped GaAs wafer. On top of the wafer, a 300 nm 
thick GaAs smoothing layer, followed by 25 pairs of AlAs/Al0.10Ga0.90As layers (70/61 
nm; all weakly n-doped) were grown by molecular beam epitaxy (MBE). We then 
deposited a 111 nm thick Si3N4 layer by plasma enhanced chemical vapor deposition 
(PECVD) using SiH4 and NH3 precursor gases at a substrate temperature of 300 °C. 
Graphene flakes were deposited by mechanical exfoliation. Single- and bi-layer flakes 
were visually located with a microscope and subsequently confirmed to be single- or bi-
layers with Raman spectroscopy. Source and drain Ti/Au (10/20 nm) electrodes were 
then deposited by laser lithography, electron-beam evaporation of the metals, and lift-off. 
In a second lithography step, 70 nm thick Au contact pads were patterned. Overnight 
thermal annealing at 150 °C under vacuum was performed to remove unintentional 
doping, including water molecules. The annealing was performed in the PECVD 
chamber, so that the subsequent SiO2/Si3N4 (147/113 nm; 7 pairs) layers could be 
deposited without bringing the sample back to atmosphere. The PECVD deposition was 
again performed at a substrate temperature of 300 °C. SiH4 and N2O were used as 
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precursor gases for the SiO2 deposition. For Si3N4 deposition, the same process 
parameters as above were used. During all PECVD deposition processes, dummy Si 
wafers were placed along with the sample into the chamber. This allowed precise 
determination of the film thicknesses by optical measurements (thin film thickness 
measurement system; ellipsometry). Finally, using reactive ion etching (RIE), contact 
windows were etched in the SiO2/Si3N4 top mirror at the position of the contact pads. 
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Figure captions 
Figure 1. Graphene microcavity photodetector. (a) Schematic drawing of the device. 
Distributed Bragg mirrors form a high-finesse optical cavity. The incident light is trapped 
in the cavity and passes multiple times through the graphene. The graphene sheet is 
shown in red, the metal contacts in yellow. (b) Electric field amplitude inside the cavity. 
(c) Calculated dependence of optical absorption in a single-layer graphene sheet on the 
reflectivity of the top mirror. The numbers next to the symbols indicate the number of 
SiO2/Si3N4 layer pairs that are necessary to achieve the respective reflectivity. Inset: 
Measured reflectivity of the AlAs/Al0.10Ga0.90As bottom mirror. 
Figure 2. Microcavity resonance. Reflectivity of the sample. The dip at 850 nm 
wavelength originates from absorption of the Fabry-Pérot cavity mode. 
Figure 3. Spatially and spectrally resolved photocurrent response. (a) Photocurrent 
map taken at a bias voltage of VBias = 2 V between the source and drain electrodes. The 
gate electrode (substrate) remains unbiased. The dashed lines indicate the source and 
drain electrodes. The schematic above the photocurrent map illustrates the band diagram 
under this biasing condition. (b) Microscope image of a graphene photodetector and 
electrical setup for photocurrent measurements. The scale bar is 5 µm long. (c) Spectral 
response of the single-layer graphene device. The dashed lines show calculation results: 
reflection R (red), transmission T (green), and absorption A (blue). The solid lines are 
measurement results: reflection (red); photocurrent (blue). A strong and spectrally narrow 
photoresponse is observed at the cavity resonance (855 nm wavelength). Inset: 
Theoretical result for normal incidence light. 
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Figure 4. Comparison between microcavity and conventional photodetector. The 
meaning of the curves is the same as in Figure 3(c), but the results are shown for a bi-
layer graphene device. A maximum responsivity of 21 mA/W is achieved. In addition, 
the spectral photoresponse of a conventional (without cavity) bi-layer graphene detector 
is shown as solid red line. The response of the conventional device is approximately 
independent of wavelength, but more than an order of magnitude weaker than that of the 
microcavity device. 
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Supplementary Information 
 
 
Table S1: Detailed device structure. C1 = 5.446 µm−1; λ is the wavelength. 
 
Material Thickness (nm) 
Refractive 
index 
Band 
gap (eV) 
Doping 
(cm-3) Comment 
Si3N4 113 1.87 5.1   
SiO2 147 1.45 8.9   
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
 
- 
top mirror 
7 layer pairs 
Si3N4 113 1.87 5.1   
SiO2 147 1.45 8.9   
Graphene 0.335 3.0+ i C13 λ  0 - absorbing layer 
Si3N4 111 1.87 5.1 - buffer layer 
Al0.10Ga0.90As 61 3.5 1.55   
AlAs 70 3.05 2.16   
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
1014 –1015 
(n) 
bottom mirror 
25 layer pairs 
Al0.10Ga0.90As 61 3.5 1.55   
AlAs 70 3.05 2.16   
GaAs 300 3.55 1.42 1014 (n) smoothing layer 
GaAs 625 µm 3.55 1.42 2×1018 (n) substrate 
